Campylobacter jejuni causes food-and waterborne gastroenteritis, and as such it must survive passage through the stomach in order to reach the gastrointestinal tract. While little is known about how C. jejuni survives transit through the stomach, its low infectious dose suggests it is well equipped to sense and respond to acid shock. In this study, the transcriptional profile of C. jejuni NCTC 11168 was obtained after the organism was exposed to in vitro and in vivo (piglet stomach) acid shock. The observed down-regulation of genes encoding ribosomal proteins likely reflects the need to reshuffle energy toward the expression of components required for survival. Acid shock also caused C. jejuni to up-regulate genes involved in stress responses. These included heat shock genes as well as genes involved in the response to oxidative and nitrosative stress. A role for the chaperone clpB in acid resistance was confirmed in vitro. Some genes showed expression patterns that were markedly different in vivo and in vitro, which likely reflects the complexity of the in vivo environment. For instance, transit through the stomach was characterized by up-regulation of genes that encode products that are involved in the use of nitrite as a terminal electron acceptor and down-regulation of genes that are involved in capsular polysaccharide expression. In conclusion, this study has enabled us to understand how C. jejuni modulates gene expression in response to acid shock in vitro and to correlate this with gene expression profiles of C. jejuni as it transits through the host stomach.
Campylobacter jejuni is the leading bacterial cause of foodand waterborne gastroenteritis worldwide. This bacterium can exist in a commensal relationship with poultry, which constitutes a major reservoir of C. jejuni. The consumption of contaminated poultry leads to acute diarrheal disease in humans. While most infections are self limiting, C. jejuni has been associated with the development of Guillain-Barré and Miller Fisher syndromes, autoimmune disorders that affect the peripheral nervous system and lead to temporary paralysis (reviewed in reference 112).
In order to cause disease in humans, C. jejuni must survive passage through the stomach, where it is exposed to low pH as well as reactive oxygen and nitrogen species. The acidity of the human stomach is dependent on physiological variables that include previous food intake. In the absence of food, the median luminal pH is around 2.0 and ranges from 1.5 to 5.5 (37, 43) . Under a traditional Western diet, meal ingestion will increase the median gastric pH to about 6 (63) . The ability to handle acid stress directly affects the infective dose (ID) of enteric pathogens. Indeed, enteric pathogens that have evolved efficient survival strategies to cope with acidic environments have a low ID (e.g., Shigella flexneri can survive extreme acid conditions of pH 2.5 for hours in vitro and has an ID of 100 organisms) (20) . Thus, the low ID of 500 to 800 organisms for C. jejuni (19, 89) suggests that this bacterium is well equipped to sense and respond to a sudden drop in pH. Despite its importance for pathogenesis, the acid stress response in C. jejuni has been understudied. Nevertheless, a protein component secreted by C. jejuni strain CI120 has been shown to provide protection for this bacterium against acid stress (78) . In addition, an adaptive tolerance response (ATR) to acid and/or aerobic conditions has been identified in this particular C. jejuni strain (77, 79) . In fact, early-stationary-phase cells that were adapted to a mildly acidic pH (pH 5.5) for 5 h were found to exhibit increased survival against lethal pH (pH 4.5) (79) . While this ATR was found to be dependent on protein synthesis, its mechanism awaits further elucidation. Furthermore, the induction of a similar ATR by other strains of C. jejuni still remains to be demonstrated.
Typically, bacteria respond to a drop in pH by activating systems that prevent H ϩ entry, extrude H ϩ from the cell, consume H ϩ , and repair affected cellular material. In some bacteria, exposure to acid leads to the up-regulation of the cfa gene (26, 51) , the product of which generates cyclopropanecontaining phospholipids. Exposure to acid leads to increased levels of these modified phospholipids (23, 42) , which are known to be important for acid stress resistance in Escherichia coli and Salmonella (30, 60) . Acid also can cause bacteria to up-regulate the F 1 F 0 ATPase (9, 17, 32, 46) , which can pump protons out of the cell at the expense of ATP. In enteric bacteria, amino acid-dependent systems are activated at low pH. Amino acids (Glu, Arg, and Lys) are transported into the cell, protons are consumed during their decarboxylation, and the product and substrate are exchanged in an antiport reaction (reviewed in references 28 and 43) . Exposure to acid also leads to the up-regulation of genes involved in the protection and repair of cellular components such as DNA and proteins. Genes encoding DNA binding proteins, components of DNA repair systems, and chaperones have been shown to be upregulated under acid stress conditions (4, 51, 56, 71, 74, 101, 102, 108) .
Acid shock, as studied in this work, involves exposing bacteria to a sudden drop in pH (generally below the threshold for growth) for a short duration. This reflects the situation naturally encountered by the bacterium as it goes from a food or water source into the host gastrointestinal (GI) tract. Acid shock studies have been undertaken with various enteric bacteria, but they often involve the exposure of the cells to a moderate acid stress prior to acid shock, which induces the expression of acid tolerance proteins that may not otherwise be expressed (reviewed in reference 44) . These studies revealed the acid-induced up-regulation of genes involved in a number of cellular processes, such as metabolism, regulation, transport, and the biosynthesis of macromolecular structures. They also have confirmed the importance of known components of the acid tolerance and/or resistance systems in these bacteria. A limited number of studies, particularly of Helicobacter pylori, have focused on the bacterial acid shock response in the absence of a previous adaptation to a mildly acidic pH. In H. pylori, acid shock resistance is mediated in large part by the uptake of urea, its breakdown in the cytoplasm by urease, and the buffering activity of the resulting ammonia (reviewed in reference 104) . A microarray analysis of the acid shock response of this bacterium also has revealed that a number of genes for flagellar biosynthesis were up-regulated at low pH, and this correlated with a larger proportion of motile cells swimming at faster speeds (74) . Note that it is difficult to compare results from gene expression studies such as those described above, even for a single organism, given the variability in experimental protocols and methods used for data analysis.
Changes in gene expression in response to acid stress are mediated by a number of transcriptional regulators. In E. coli and other enteric bacteria, the alternative sigma factor RpoS is involved in the acid tolerance response (reviewed in references 43 and 88) . RpoS is a global regulator associated with stationary-phase physiology that also induces the expression of a number of acid shock proteins in log-phase cells exposed to acid stress (43, 67) . In Salmonella enterica serovar Typhimurium and H. pylori, the ferric uptake regulator (Fur) protein is involved in the acid stress response. Under iron-rich conditions, Fur binds iron and represses the expression of many iron acquisition genes. Mutations in fur render cells acid sensitive (9, 11, 12, 16, 45, 50) and cause the aberrant expression of several acid-regulated genes and proteins (45, 48) . In S. enterica, a fur mutant unable to bind iron still could induce the expression of acid shock proteins, indicating that Fur regulation of acid shock gene expression was independent of iron, at least in this bacterium (50) . In H. pylori, fur expression is regulated by NikR in response to acid and nickel concentrations (reviewed in reference 104). NikR also regulates genes involved in nickel uptake and metabolism as well as urease expression. Some two-component transcriptional regulators, such as ArsRS in H. pylori and PhoPQ in S. enterica serovar Typhimurium, also alter gene expression in response to acid stress (11, 82 ).
The C. jejuni genome lacks many of the elements of the acid stress responses of other bacteria. Notably, C. jejuni does not encode an RpoS homologue, amino acid-dependent acid tolerance systems, or a urease enzyme. C. jejuni does have a fur gene, which plays a role in iron-dependent gene regulation (53, 81) . However, to date there are no data linking Fur to the acid stress response of C. jejuni. Given the absence of many typical acid stress response genes in the C. jejuni genome, it is likely that this bacterium uses novel means to survive exposure to acid shock.
The objective of this study was to identify C. jejuni genes for which expression was up-or down-regulated in response to a sudden drop in pH, such as that encountered by the bacterium as it transits through the stomach. To this end, the transcriptional profile of C. jejuni was determined after subjecting the cells to an in vitro acid shock, and this was correlated with gene expression levels seen in vivo after oral inoculation into a neonatal piglet. To the best of our knowledge, this is one of the only instances in which an in vivo model has been used to study the transcriptional profile of a bacterium in response to acid shock.
MATERIALS AND METHODS
Bacterial strains and growth conditions. C. jejuni NCTC 11168 was acquired from the National Collection of Type Cultures. The construction of the deletion mutants of hrcA and hspR used in this study was described previously (94) . Bacteria were maintained at 37°C on Mueller-Hinton (MH) agar plates under microaerophilic conditions (83% N 2 , 4% H 2 , 8% O 2 , and 5% CO 2 ) in a MACS-VA500 microaerophilic workstation (Don Whitley, West Yorkshire, England). For in vitro and in vivo pH studies, bacteria were grown to mid-logarithmic phase in biphasic MH medium (an equal volume of MH broth layered on top of MH agar in a tissue culture flask) (90) at 37°C in the MACS-VA500 workstation. In biphasic cultures under these growth conditions, mid-logarithmic phase coincides with optical densities at 600 nm (OD 600 s) of approximately 0.9 to 1.5 (86a).
In vitro acid shock study. In order to identify genes for which expression was up-or down-regulated in response to acid shock in vitro, C. jejuni gene expression was monitored over a 20-min period following acid shock. Briefly, bacteria were grown under microaerophilic conditions in biphasic MH-MES medium containing 25 ml of MH broth buffered at pH 7.0 using 100 mM 2-(N-morpholino)ethanesulfonic acid (MES). The pH of the spent culture medium was within 0.1 of the starting pH. At mid-log phase (OD 600 ϭ 0.9), 5 ml of the bacterial culture was transferred to a biphasic medium containing 20 ml of MH-MES broth buffered to pH 4.5 (the addition of culture did not alter the pH of the medium). Total RNA was extracted from samples taken 2, 4, 12, 16, and 20 min after the acid challenge. For the control samples, 5 ml of the bacterial culture was transferred to a biphasic medium containing 20 ml of MH-MES broth buffered to pH 7.0, and samples were collected after 2, 4, 12, 16, and 20 min. Immediately after the collection of samples for RNA extraction, 0.1 volume of cold RNA degradation stop solution (10% [vol/vol] buffer-saturated phenol in ethanol) was added to prevent RNA turnover (14) . Cells were collected by centrifugation (8,000 ϫ g, 10 min, 4°C), and the cell pellet was resuspended in TE buffer (50 mM Tris-Cl, pH 8.0, 1 mM EDTA) containing 0.5 mg ml Ϫ1 (final concentration) lysozyme. Total RNA was extracted using a hot phenol-chloroform method (100), precipitated with ethanol, and resuspended in RNase-free H 2 O. The RNA preparation was treated with DNase I to remove any contaminating genomic DNA, further purified using a Qiagen RNeasy mini kit (Qiagen, Valencia, CA), and quantitated using either the RiboGreen RNA quantitation kit (Molecular Probes, Eugene, OR) or A 260 s. RNA integrity was assessed by agarose gel electrophoresis, and PCR amplification was used to confirm that the preparation was free of genomic DNA. RNA samples were stored at Ϫ80°C.
In vivo acid shock study. The in vivo acid shock experiment was performed with colostrum-deprived piglets. This animal model was previously used in our laboratory to study the role of ferrous ion acquisition in gut colonization and Campylobacter pathogenesis (80) . Piglets were fed a milk replacer (multipurpose milk replacer, Grade A Ultra24; Sav-A-Caf Products) upon arrival four times daily (between 60 to 120 ml per piglet per feeding). C. jejuni NCTC 11168 was grown in biphasic MH cultures under microaerophilic conditions. Cells were collected at mid-log phase (OD 600 ϭ 0.9) by centrifugation and gently resuspended in MH broth. Prior to inoculation, the piglets were starved for 8 h. Two 3-day-old piglets were orally inoculated with 10 ml of a bacterial suspension containing approximately 10 13 viable bacteria. A third piglet was inoculated with 10 ml of sterile MH broth and served as a control animal. After 15 min, the piglets were euthanized, and the intact stomachs were excised from the abdominal cavity by ligating the lower end of the esophagus (next to the cardiac orifice) and the upper end of the duodenum (next to the pyloric orifice). Approximately 5 min following the euthanasia, the stomachs were linearly opened, and the stomach contents (ϳ20 ml per stomach) were recovered in 20 ml of a cold RNA degradation stop solution (consisting of 4 ml of 10% buffer saturated phenol in ethanol and 16 ml of phosphate-buffered saline [PBS] buffer). Large particles and epithelial cells were removed from the stomach suspensions by low-speed centrifugation (1,000 ϫ g, 15 min, 4°C). Thereafter, Campylobacter cells were collected by centrifugation (8,000 ϫ g, 10 min, 4°C). The same manipulations were carried out on both the control and infected animals. Total RNA was extracted from each sample using the hot phenol-chloroform protocol described above. Notably, no RNA was extracted from the sample originating from the control animal, while approximately 30 g of RNA was extracted from each of the other two samples. Finally, the total RNA extracted from both Campylobacter-inoculated piglets were combined prior to their use in microarray experiments.
Probe labeling and slide hybridization. RNA samples (16 g) from each control and test condition were converted to cDNA using 10 g random hexamers (Amersham Biosciences) and Superscript II reverse transcriptase (Invitrogen). Aminoallyl-dUTP was included in the reverse transcription reaction to permit the labeling of the cDNA with the monoreactive fluors indocarbocyanine (Cy3; used to label control samples) and indodicarbocyanine (Cy5; used to label test samples) (Amersham Biosciences). The Cy3 and Cy5 labeling of the probes was described previously (81) . For each microarray experiment, the cDNA probes from one acid shock condition (e.g., 2 min after acid shock) were individually cohybridized with cDNA probes from the relevant control sample (cells exposed to MH-MES, pH 7.0, for the in vitro experiments or cells grown in vitro in biphasic MH cultures for the in vivo experiment). The C. jejuni NCTC 11168 microarray used in this study was described previously (93) . This array was constructed using PCR-amplified fragments representing approximately 98% of the open reading frames (ORFs) identified in the NCTC 11168 genome.
Data collection and analysis. Microarray slides were scanned at 532-nm (Cy3) and 635-nm (Cy5) wavelengths using a laser-activated confocal scanner (ScanArray Gx; Perkin Elmer) at a 10-m resolution. Spot registration was optimized manually, and the fluorescence intensities of each spot were collected using ScanArray Express software (Perkin Elmer). Spots were excluded from the analysis if they were present in areas of slide abnormalities (these corresponded to spots flagged by the software as bad or not found) and if the spot intensity after background subtraction was below three times the standard deviation of the background in both channels. The fluorescence intensity of all remaining spots was normalized using locally weighted linear regression using the MIDAS software (available from The Institute for Genomic Research; http://www.tigr.org /software). The ratio of the mean Cy3:Cy5 values was log 2 transformed, and the data were statistically analyzed using the empirical Bayes method as previously described (10) . The in vitro acid stress data comprise three technical replicates for each of two biological replicates, while the in vivo data comprise six technical replicates from a single pool of RNAs obtained from two piglets. Genes were considered differentially expressed if their P value was below 10 Ϫ4 and their change (n-fold) in relative transcript abundance was above 2. Differentially expressed genes were grouped by hierarchical clustering analysis using the Genesis software (available from Graz University of Technology, Graz, Austria; http://genome.tugraz.at).
Real-time qRT-PCR validation of microarray data. The relative expression levels of 11 genes (cft, clpB, grpE, hrcA, katA, sdhA, Cj0264c, Cj0265c, Cj0358, Cj0414, and Cj0448c) deemed up-regulated in the piglet stomach by the microarray analysis and 3 genes (metC, dapB, and glyA) for which expression levels were essentially unchanged in vivo were analyzed by real-time quantitative reverse transcription PCR (qRT-PCR) using a 7300 real-time PCR system (Applied Biosystems) and the QuantiTect Sybr green RT-PCR kit (Qiagen), as described previously (93, 94) and according to the manufacturer's recommendations. The relative level of expression of each gene was normalized to that of lpxC, a gene for which the expression levels by microarray analysis remained unchanged in the piglet stomach compared to that from in vitro-grown C. jejuni. The qRT-PCRs were carried out at least in triplicate, and the specificity of the PCR amplification was confirmed by a melting curve analysis of the product according to the manufacturer's recommendations. The extent of induction of gene expression was obtained using the comparative threshold cycle (⌬⌬C T ) method. Primers were designed according to the manufacturer's recommendations using Primer3 software and are listed in Table 1 .
Construction and complementation of a clpB deletion mutant. A 2,400-bp fragment of the clpB ORF was amplified from chromosomal DNA of C. jejuni NCTC 11168 using primers clpBA and clpBB (Table 1) . These primers were designed to introduce a BglII site for cloning into BamHI-digested pUC19 (these enzymes generate compatible cohesive ends). A 1,136-bp deletion in the clpB ORF was created by inverse PCR with primers clpBC and clpBD (Table 1) , which were designed to introduce BamHI restriction sites for the ligation of a Cm resistance cassette (cat) into the clpB gene. The Cm cassette with flanking BamHI sites was amplified from pRY111 (111) using primers AR42 and AR43 ( Table 1 ). The resulting plasmid was introduced into C. jejuni NCTC 11168 by natural transformation (107) , and mutants were selected by being plated onto MH plates containing 20 g ml Ϫ1 chloramphenicol. The mutation was confirmed by PCR amplification of the chromosomal region flanking the clpB gene. As clpB does not appear to be in an operon (3, 83) , the likelihood of polar effects due to this mutation is small.
For the complementation of the clpB deletion, we first constructed a derivative of the pRR plasmid (58) in which we inserted a kanamycin resistance cassette to allow for the selection of recombinants in our Cm-resistant deletion mutants. Plasmid pRR was digested with XbaI and blunt ended with T4 DNA polymerase. A kanamycin resistance cassette (aphA3) was amplified from pILL600 (65) using primers AR48 and AR49 (Table 1) , digested with SmaI, and ligated into pRR to yield pRR-Km. The AR49 primer was designed to introduce an XbaI site just downstream of the aphA3 stop codon to permit the cloning of DNA of interest into the vector. The orientation of the aphA3 gene relative to the rRNA locus was determined by restriction enzyme digestion, and a plasmid with the aphA3 gene in the same orientation as the rRNA genes was chosen for further use. 
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The clpB gene and 243 bp of upstream sequence were amplified from chromosomal DNA of C. jejuni NCTC 11168 using primers AR66 and AR51 (Table  1 ) and the proofreading polymerase Pwo (Roche). Primers were designed to incorporate flanking XbaI sites for the ligation of the PCR product into pRRKm. The resulting plasmid DNA was sequenced to confirm that the insert was in the same orientation as the aphA3 cassette and that the insert was free of PCR-induced errors. The plasmid was introduced into C. jejuni NCTC 11168 ⌬clpB by natural transformation, and cells harboring the clpB gene and upstream DNA were selected by being plated on MH agar plates containing 20 g ml Ϫ1 chloramphenicol and 10 g ml Ϫ1 kanamycin. PCR amplification using primer ak233, ak234, or ak235 (58) and primer AR56 (binds within aphA3) confirmed that the clone used in our experiments had the clpB gene and upstream DNA integrated on the chromosome at the rRNA locus downstream of the Cj0029 gene.
Acid survival assays. Cells were grown to logarithmic phase (OD 600 ϭ 0.8 to 1.5) in biphasic MH cultures. An aliquot of 2.5 ml of culture was added to 10 ml of MH medium adjusted to pH 2.6 using concentrated HCl (the final pH of the assay mix was 3). Samples were withdrawn at 0, 2, 4, 6, 8, 12, and 16 min after exposure to acid and diluted 1/50 into PBS, pH 7.4 (the pH of the resulting solution was ϳ7.4). Samples were serially diluted, and 10 l of each dilution was spotted in triplicate onto MH agar plates, which were incubated at 37°C under microaerophilic conditions for 72 h. Colonies were counted, and results were expressed as the percent survival (with time zero representing 100%) as a function of the duration of exposure to acid. For each strain and time point, percent survival values from a minimum of three independent experiments were pooled and compared to values for NCTC 11168 using a two-sample t test, assuming unequal variances (Microsoft Excel X). P values below 0.05 were considered significant.
Survival in SGF.
Bacterial survival was monitored in a synthetic gastric fluid (SGF) composed of proteose-peptone (8.3 g/liter), D-Glc (3.5 g/liter), NaCl (2.05 g/liter), KH 2 PO 4 (0.6 g/liter), CaCl 2 (0.11 g/liter), KCl (0.37 g/liter), bile (bovine; 0.05 g/liter), lysozyme (0.1 g/liter), and pepsin (13.3 mg/liter) (15) . All of the components except the enzymes were dissolved in distilled water, the pH of the solution was adjusted to 4.0 with 1 M HCl to reflect the conditions observed in the piglet stomachs, and the solution was filter sterilized and stored at 4°C. Just prior to its use, lysozyme and pepsin were added from fresh stock solutions. Cells were grown to logarithmic phase (OD 600 ϭ 0.7 to 1.7) in biphasic MH cultures, and 1 ml of cells was collected by centrifugation and resuspended in 0.2 ml sterile distilled water. A volume of 4.8 ml of SGF was added to the cell suspension and mixed. Samples (20 l) were withdrawn after 0, 4, 8, 12, and 16 min of exposure and added to 980 l sterile PBS, pH 7.4. Dilutions, platings, and data analyses were done as described above for the acid survival assays.
Electron microscopy. An aliquot of each sample used in the microarray analysis (before acid shock and 2, 4, 12, 16, and 20 min after acid shock) was analyzed by electron microscopy. C. jejuni cells were collected from each sample by centrifugation (3,000 ϫ g, 20 min), and the supernatants were discarded. The pellets were resuspended in 2% glutaraldehyde in 0.1 M phosphate buffer (pH 7.2). Cells were collected by centrifugation and washed three times in 0.1 M sodium cacodylate (pH 7.0). The samples were resuspended in 0.1 M sodium cacodylate (pH 7.0) and placed onto poly-L-lysine-coated coverslips. A secondary fixation using 2% glutaraldehyde in 0.2 M sodium cacodylate (pH 7.0) was carried out for 20 min. Excess glutaraldehyde was removed by washing the samples with 0.1 M phosphate buffer (pH 7.2). The samples were dehydrated according to the following series of ethanol concentrations (vol/vol), each for 20 min: 50, 70, 90, 95, and 100%. The samples then were subjected to critical point drying. The coverslips were mounted onto support stubs using silver glue, and the samples were coated with gold/palladium in a Balzer's Med 010 sputter coater. Finally, samples were observed in a JEOL JXM 6400 scanning electron microscope.
Microarray data accession numbers. All microarray data have been deposited in the NCBI Gene Expression Omnibus database (accession numbers GSE9937 and GSE9938 and superSeries accession number GSE9942).
RESULTS
Microbes colonizing the GI tract must survive passage through the gastric acid barrier. While this life-threatening stress is encountered by many bacteria, very few studies have directly investigated the mechanism of resistance that allows bacteria to transit through the stomach in vivo. Most studies have relied on the investigation of the acid stress response in vitro by biochemical, physiological, or transcriptomic approaches to identify the components required for bacterial survival. However, both in vitro and in vivo approaches undoubtedly are required to fully characterize the bacterial acid shock response. Certainly, in vitro experimental conditions could never fully represent the gastric environment encountered by microorganisms. Furthermore, the gastric environment is defined by more than the low pH used in most in vitro experimental conditions. Consequently, a combined transcriptomic approach consisting of in vitro and in vivo experiments was developed to identify genes that are relevant to C. jejuni's ability to survive transit through the gastric acid barrier.
C. jejuni remains viable and helically shaped after 20 min of exposure to pH 4.5. To investigate the C. jejuni gene expression profile in response to a sudden acid shock, the pH of a C. jejuni culture was shifted from 7.0 to 4.5, and transcript levels were measured for 20 min after the pH downshift. To determine whether a 20-min exposure at pH 4.5 affected cell viability, C. jejuni was grown to exponential phase in biphasic MES-buffered MH cultures at pH 7.0 and transferred to a medium at pH 4.5 (as described in Materials and Methods for the in vitro acid shock experiments). Viable counts were determined after 2, 4, 12, 16, and 20 min of exposure. As shown in Fig. 1A , C. jejuni cell numbers remained constant throughout this experiment, indicating that observed changes in gene expression were not caused by decreased cell viability at low pH. Of note, a pH of 4.5 does not support the growth of C. jejuni NCTC 11168 (36 and our unpublished observations). Unfavorable growth conditions can lead to morphological changes in C. jejuni, causing a shift from a spiral to a coccoid shape (22, 62, 86, 99) . Microscopic analysis of the samples used for microarray analysis did not reveal the formation of coccoids or any other morphological variants under our experimental conditions (Fig. 1B) .
Experimental design and global transcriptomic analysis. In order to determine the transcriptional profile elicited in C. jejuni during transit through the host stomach and to understand the contribution of the acid stress response to this process, two sets of transcriptomic experiments were performed.
In the first set of experiments, the transcriptome profile of C. jejuni in response to acid shock in vitro was determined by exposing mid-logarithmic-phase C. jejuni to MH-MES medium at pH 4.5 for up to 20 min. Total RNA was extracted from cells 2, 4, 12, 16, and 20 min following the pH drop. The relative abundance of each transcript was monitored by competitive hybridization to our C. jejuni microarray of cDNA obtained from C. jejuni exposed to MH-MES medium at pH 7.0 and cDNA from C. jejuni exposed to MH-MES medium at pH 4.5 for each of the time points.
In the second set of experiments, the in vivo transcriptome profile of C. jejuni was obtained as the bacterium transited through the piglet stomach. Because of the similarities between the GI tracts of pigs and humans (70) and because C. jejuni infection in piglets mimics human campylobacteriosis (8, 80) , the gene expression profile of C. jejuni recovered from a piglet stomach should closely resemble that of the transcriptome of C. jejuni during transit through the human stomach. Despite the apparent tolerance of NCTC 11168 to pH 4.5, we cannot discount the possibility that some of the C. jejuni cells used to inoculate the piglets were killed in the stomach. The piglets were fed ϳ10 13 viable bacteria, and we recovered between 10 9 to 10 10 viable bacteria from the stomach contents. The loss of sample is inevitable during the feeding process and during the subsequent recovery of bacteria from the stomach contents. Likewise, we cannot discount the possibility that some of the inoculum already had moved beyond the stomach and into the intestine at the time of euthanasia. Thus, a true measure of gastric survival was not possible. Total RNA was extracted from the stomach contents of two piglets 20 min following oral inoculation with C. jejuni. Pilot studies with four piglets revealed that the pH of the stomach contents was between 3.8 and 4.2 after our experimental protocol (data not shown) and therefore was comparable to that of the in vitro acid shock conditions used. The extracted RNA was reverse transcribed, labeled, and subjected to microarray analysis by competitive hybridization with cDNA derived from C. jejuni grown to mid-log phase in vitro in MH medium (pH 7.0). The validity of the in vivo microarray data was confirmed by realtime qRT-PCR for a subset of genes, and the sets of data correlate well with each other (R 2 ϭ 0.86) (Fig. 2) . Transcriptome of C. jejuni during stomach transit. The stomach transcriptional profile was analyzed by merging the data from the in vivo and in vitro experiments. This analysis allowed the identification of genes that had their expression similarly affected in both experiments (these may represent the core genes involved in C. jejuni's acid shock response), those for which expression was affected solely in the stomach, and those showing opposite expression patterns in the two experiments. For this analysis, only the genes that were differentially expressed in vivo were selected and subjected to hierarchical clustering analysis. Genes were considered differentially expressed if the changes of their relative expression levels were Ն2-fold, with a Bayesian P value Ͻ10 Ϫ4 . The 250 genes thus identified grouped into seven major clusters, designated A to G (Fig. 3) . Genes in cluster C were highly up-regulated in response to the in vitro acid shock condition and the gastric environment. These include a number of genes associated with bacterial heat shock responses, namely the transcriptional regulator hrcA and several chaperones and cochaperones (groEL, groES, dnaK, grpE, and clpB). This cluster also contains a number of genes involved in metabolism and energy generation, such as genes encoding products that are involved in trimethylamine N-oxide/dimethyl sulfoxide (TMAO/DMSO) respiration (Cj0264c and Cj0265c), C 4 -dicarboxylate transport (dcuB), the tricarboxylic acid cycle (acnB), and electron transport (Cj0874c). Genes involved in chemotaxis (Cj0448c), the nitrosative stress response (Cj0465c), the oxidative stress response (cft), and adhesion (flaC) also were up-regulated in response to acid shock, as were several genes of unknown function (Cj0414, Cj0415, Cj0416, Cj0776c, and Cj0449c).
Cluster B and the lower portion of cluster G contain genes that had their expression down-regulated in response to both the in vivo gastric environment and in vitro acid shock. A large number of the genes in these clusters encode ribosomal proteins (rplABEFLOPRVX, rpsBCEHNQ, and rpmC), and other genes are involved in transcription (rpoC and nusG), translation (infC, prfA, fusA, trmD, and Cj1453c), and ribosome modification (Cj1709c and rimM). Others are involved in uptake (exbB3, ceuC, Cj0941c, and Cj0555) and efflux (arsB, Cj0560, and Cj0112 [tolB]) processes as well as amino acid biosynthesis (aroE and trpE) and transport (livGHM).
Genes showing opposite in vivo and in vitro expression patterns are found in clusters A, D, and F (Fig. 3) . Cluster A and D genes were up-regulated in vivo and down-regulated in vitro and include genes encoding succinate dehydrogenase subunits (sdhA and sdhB); proteins involved in nitrite respiration (Cj1357c and Cj1358c); enzymes for tryptophan (trpA and trpB), leucine (leuC), and purine biosynthesis (purB); the Omp50 porin (Cj1170c); a putative zinc metalloprotease (Cj0723c); and a putative periplasmic protein (Cj0200c). Nutrient availability likely accounts for at least some of these observed differences. Genes in cluster F were up-regulated in vitro and down-regulated in vivo. These include genes encoding putative transporters of iron (Cj1658 and p19) and citrate (Cj0203), putative major facilitator superfamily transporters (Cj1040c and Cj1687), a putative transferase involved in Olinked glycosylation (Cj1321), a putative exporting protein (Cj0494), a putative Na ϩ /dicarboxylate symporter (Cj0025c), an enzyme involved in Cys biosynthesis (cysM), and a putative integral membrane protein (Cj1662).
The overall expression levels of cluster E genes were unchanged in vitro and were up-regulated in vivo. However, ) in the piglet stomach were subjected to hierarchical clustering using Genesis (Euclidian distance, average linkage). The genes of interest grouped into seven clusters, labeled A to G. Data from the in vitro shock experiments are shown in the first five columns (left to right: 2, 4, 12, 16, and 20 min of exposure), while in vivo gene expression ratios are shown in the last column (labeled S). A threshold log 2 value of 2 (equivalent to fourfold differential gene expression) was used in this figure. Red boxes represent up-regulated genes, green boxes represent down-regulated genes, and gray boxes denote missing data. Genes in boldface are further discussed in the text.
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REID ET AL. APPL. ENVIRON. MICROBIOL. within this cluster are some genes that had their expression up-regulated under both conditions, albeit to a lesser degree than those of genes within cluster C. These include genes encoding the transcriptional regulators PerR (for peroxide stress regulator) and RacR (for reduced ability to colonize). Moderate increases in the levels of transcriptional regulators conceivably could cause much greater changes in expression levels of genes under their control. Other up-regulated genes in this cluster include those involved in phosphate uptake (Cj1194) and storage (Cj0604 and ppk) and peroxide detoxification (katA). Transcriptome of C. jejuni in response to in vitro acid shock. The transcriptional profile of C. jejuni in response to in vivo gastric conditions likely is a coordinated response to a number of factors, such as changes in nutrient availability, exposure to oxidative and nitrosative stress, and exposure to organic and inorganic acid shock. As such, it is possible that components of the acid shock response of this bacterium are not differentially expressed in vivo and/or are required only under particular environmental conditions. In addition, the selection of genes based on their differential expression at one time point in vivo would not permit the identification of transiently regulated genes. Consequently, in order to gain a more comprehensive view of the acid stress response in C. jejuni, the transcriptional profile of the cells exposed to in vitro acid shock was specifically analyzed by selecting the genes differentially expressed (Ն2-fold change; P Ͻ 10 Ϫ4 ) at one or more of the time points following the pH drop. The 360 genes that met these criteria grouped into three major clusters, designated A, B, and C (Fig.  4) . Many of these genes already have been mentioned in the context of Fig. 3 , and as such they will not be listed again. The genes of greatest interest in this analysis are those differentially expressed only in response to in vitro acid shock. Interestingly, 177 genes were found to be solely differentially expressed upon in vitro acid shock and not significantly affected during stomach transit (using a threshold of 1.5-fold differential expression for the in vivo data). These genes might be only transiently differentially expressed, or they might encode components of the acid shock response that are environment dependent. The genes in cluster A were highly up-regulated in vitro, and their expression levels increased with the length of exposure to acid. Of note among these genes are those encoding a cyclopropane fatty acid synthase (cfa) known to be involved in acid stress resistance in other bacteria, a single-domain hemoglobin (cgb; Cj1586) involved in oxidative stress defense, and a scaffold for FeS cluster assembly (nifU; Cj0239c). This cluster also contains a number of genes encoding transporters, most of which were down-regulated in the pig stomach, perhaps due to differences in nutrient availability, as suggested above.
Cluster B genes were transiently or consistently up-regulated in response to in vitro acid shock. Many of these genes were not differentially expressed in vivo. This cluster contains genes involved in flagellum biosynthesis (flgDEI and fliD) and glycosylation (Cj1316c, Cj1321, Cj1325, Cj1334, and neuA2), oxidative stress defense (ahpC, tpx, Cj1064, katA, perR, and cft), iron uptake (Cj0174c-175c, Cj1658, Cj1660, and Cj1224), and FeS cluster biogenesis (Cj0240c and Cj1639). In addition, genes encoding hydrogenases and hydrogenase assembly proteins were up-regulated in vitro (hydAA2BCD and hypBC), as were genes that encode products involved in the tricarboxylic acid (TCA) cycle (icd, mdh, gltA, sdhABC, and sucCD), nitrate respiration (napBGH), and subunits of an oxoglutarate:acceptor oxidoreductase (oorABCD). Of note, genes encoding TCA cycle enzymes (sucAB, icd, gltA, and mqo1) also were upregulated in Staphylococcus aureus in response to acid shock (21) .
Genes in cluster C were down-regulated upon exposure to acid shock in vitro. Unique to the in vitro situation was the down-regulation of genes involved in disulfide bond formation (Cj0017c-18c), cell shape determination (mreC and Cj0277), fatty acid biosynthesis (plsX, fabH, and ispA), potassium uptake (ktrAB), and leucine biosynthesis (leuABCD), among others. This cluster also contains a number of genes that encode products involved in chemotaxis (cetAB, Cj1190c-89c, and Cj0262c), protein glycosylation (pglABC [wlaGFH]), and tryptophan biosynthesis (trpABDEF). Of note, one gene involved in protein glycosylation also was down-regulated in vivo (pglA [wlaG]), as was one gene involved in tryptophan biosynthesis (trpE). While the expression of many genes encoding transporters, metabolic proteins, and transcription/translation proteins was repressed under both acid shock conditions, the specific genes affected differed somewhat between the two experiments.
Genes involved in the heat shock response provide protection against acid killing. The in vitro and in vivo transcriptome analyses revealed a link between the acid stress and heat shock responses with the up-regulation of most of the heat shock genes (clpB, groEL, groES, grpE, and dnaK) as well as the heat shock regulator gene hrcA. However, the up-regulation of a gene under a particular stress condition does not necessarily indicate that this gene is required for survival under that stress condition (18) . In light of this, we examined the acid sensitivity of deletion mutants of the transcriptional repressors of the heat shock response, hrcA and hspR, as well as a deletion mutant of the chaperone clpB. The hrcA and clpB genes were highly up-regulated under both in vitro and in vivo acid shock conditions (Fig. 3) . While the hspR gene was not selected by our statistical threshold as differentially expressed, it was found to be up-regulated 1.7-fold in response to in vitro acid shock (P Ͻ 10 Ϫ5 ). In addition, HspR is a known repressor of the hrcA-grpE-dnaK operon and the clpB gene in C. jejuni (3) , and as such it merited inclusion in our experiment. For this assay, we exposed log-phase bacteria to a lethal pH (MH medium at pH 3.0) for up to 16 min. As C. jejuni NCTC 11168 was killed after a 16-min exposure to pH 3.0 (Fig. 5) , this assay allows the visualization of either improved or impaired resistance to acid shock in the deletion mutants. Deletion of hrcA or hspR caused a slight but statistically significant increase in the sensitivity of C. jejuni to acid killing (Fig. 5) , with a P value below 0.05 after 2, 6, and 8 min of exposure for ⌬hrcA and after 6 and 8 min of exposure for ⌬hspR. However, deletion of clpB had a much greater effect on acid shock resistance in this bacterium (Fig.  5) . A statistically significant increase in sensitivity was apparent after 4, 6, and 8 min of exposure to pH 3.0 (P Յ 0.02). Of note, the exposure of the bacteria to unbuffered MH broth (pH ϳ7) for the same duration did not lead to a change in cell numbers (data not shown), confirming that the assay manipulations themselves were not having adverse effects on cell viability. Complementation of the clpB mutant by recombination of the clpB gene and 243 bp of upstream sequence into the ribosomal VOL. 74, 2008 ACID SHOCK RESPONSE OF C. JEJUNI 1589 locus restored wild-type levels of acid resistance (Fig. 5) , confirming that the loss of clpB is responsible for the observed increase in acid sensitivity. Interestingly, attempts to complement the clpB mutant with only the clpB coding sequence did not improve acid resistance (data not shown), suggesting that the regulation of clpB gene expression is important for mediating acid resistance. In order to correlate in vivo and in vitro acid shock responses, we sought to determine if the clpB deletion mutant was more sensitive to killing in synthetic gastric fluid (SGF) FIG. 4 . Hierarchical clustering analysis of genes differentially expressed in response to in vitro acid shock. Genes differentially expressed (Ն2-fold differential expression; P Ͻ 10 Ϫ4 ) in response to in vitro acid shock were subjected to hierarchical clustering using Genesis (Euclidian distance, average linkage). The three main clusters are designated A, B, and C. Each column represents gene expression after a given exposure time (e.g., 2 indicates 2 min after acid shock). A threshold log 2 value of 2 (equivalent to fourfold differential gene expression) was used in this figure. Red boxes denote up-regulated genes, green boxes designated down-regulated genes, and gray boxes represent missing data. Genes in boldface are discussed in the text.
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REID ET AL. APPL. ENVIRON. MICROBIOL. (15) . SGF has been used by others to study acid tolerance in E. coli (5) and the survival of Listeria monocytogenes (33) and S. enterica serovar Typhimurium (12) in the gastric environment. We chose to include 10 mM lactic acid in the SGF, as lactic acid values in the piglet stomach range from 1 to 163 mM (see reference 12 and references therein), and the addition of lactic acid to SGF yields data that are more similar to those from studies that used ex vivo gastric content (12) . The pH of the SGF was adjusted to 4.0 to correspond to the measured pH of the piglet stomach contents (pH 3.8 to 4.2). C. jejuni NCTC 11168 was not killed by a 16-min exposure to the SGF (Fig. 6) , while the clpB mutant showed a statistically significant increase in sensitivity to the SGF after 8, 12, and 16 min of exposure (P Յ 0.01). As seen for the acid survival assays using MH VOL. 74, 2008 ACID SHOCK RESPONSE OF C. JEJUNI 1591 medium, the complementation of the clpB mutant with clpB and its putative promoter region restored wild-type levels of resistance to the SGF (Fig. 6 ).
DISCUSSION
Genome-wide expression studies of a number of bacteria have begun to reveal changes in gene expression induced by acid stress. However, many of these studies are difficult to compare to each other, given the different experimental protocols used (different strains, acid stress conditions, growth conditions, growth phases, end point versus time course experiments, etc.), and studies on the same organism sometimes show little or no overlap (74) . In addition, these studies typically have been performed in vitro in order to identify genes of interest for subsequent genetic and pathogenesis studies. However, only in vivo analysis can reveal the role of the acid stress response in the ability of microbes to survive transit through the stomach and thus colonize the GI tract. In this work, we have correlated the in vitro and in vivo acid shock responses of C. jejuni. This approach is likely to identify genes with expression that is relevant to survival in the environment and the host, and it is apt to paint a more complete picture of the acid shock response of this pathogen.
Acid shock leads to extensive down-regulation of genes encoding ribosomal proteins. The down-regulation of genes encoding ribosomal proteins under in vitro and in vivo acid shock conditions may reflect a cessation of protein synthesis, which would allow cells to redirect resources toward the expression of genes that encode products that are necessary for survival. Alternatively, increased expression of the many genes up-regulated under acid shock conditions could be occurring at the expense of ribosomal gene expression, as described for E. coli grown under conditions of carbon foraging (68) . This decreased ribosomal gene expression also is seen when H. pylori (108) , Staphylococcus aureus (21), and Shewanella oneidensis (66) are subjected to acid shock in vitro, when E. coli is grown under anaerobic and acidic conditions (51) , and when E. coli is faced with nitrogen and sulfur starvation (49) .
Acid shock activates a number of stress responses. It is increasingly evident that there is overlap between stress responses, such as those mounted in response to acid, oxidative stress, and heat shock. A number of heat shock genes were highly up-regulated in response to acid shock. These include genes encoding the transcriptional regulator HrcA, chaperones DnaK, GroES, and GroEL, and cochaperones GrpE and ClpB. In Bacillus subtilis, HrcA represses gene expression by binding to CIRCE DNA elements in the promoter region of regulated genes. This binding requires the chaperones GroES and GroEL (75, 87) . HrcA binding to the promoter regions of the groES-groEL and hrcA-grpE-dnaK operons of H. pylori has been demonstrated (92) , and putative HrcA binding sites have been found upstream of dnaK and groEL in C. jejuni (3) , suggesting that HrcA is involved in the heat shock response in C. jejuni. DnaK is a chaperone that mediates protein folding in conjunction with GrpE, a cochaperone that catalyzes nucleotide exchange in DnaK. A dnaK mutant of S. enterica serovar Typhimurium showed decreased survival when challenged with ex vivo swine stomach contents and in vitro acid shock (12) . ClpB is a cochaperone that acts with the DnaK-GrpE-DnaJ chaperone system to dissolve protein aggregates in the cytoplasm and is known to improve the ability of E. coli to survive thermal stress (31) . Heat shock proteins are part of a general stress response, and their expression is activated in response to unfolded or misfolded proteins. As exposure to a low-pH environment is likely to cause acidification of the cytoplasm and protein misfolding, such a response was not unexpected.
The transcriptional regulator HspR also is a part of the bacterial heat shock response. The transcriptional profile of a C. jejuni ⌬hspR mutant has been reported previously (3) . In that study, the authors identified a total of 17 genes directly or indirectly HspR activated and 13 genes directly or indirectly HspR repressed. Given that hspR was up-regulated 1.7-fold under in vitro acid shock conditions and that many heat shock genes were similarly affected, we sought to determine whether other known hspR-regulated genes were differentially expressed in our in vitro study. The up-regulation of hspR under acid shock conditions might be expected to increase the expression level of the HspR-activated genes. Indeed, the expression of 10 of these genes (flaD, flgE, flgE2, flgH, flgI, thiC, Cj0044c, Cj0986c, Cj1450, and acs) was transiently up-regulated in response to acid shock (using a cutoff of a 1.5-fold change in expression). Conversely, the up-regulation of hspR might be expected to decrease the expression levels of the 13 HspR-repressed genes. Transient repression of five such genes (def, dgkA, Cj0515, Cj0760, and Cj0892c) was apparent in our study. Notably, heat shock and other stress conditions are known to lift this repression for at least some of the genes, possibly by sequestering the chaperones required for HspR-DNA binding. The observed up-regulation in our in vitro study of six genes normally repressed by HspR (clpB, hrcA, dnaK, hspR, grpE, and Cj0761) supports this idea. Clearly, while the increased levels of hspR appear to be at least partly responsible for some of the gene expression changes brought about by in vitro acid shock, the complete picture likely is the result of a complex interplay of many transcriptional regulators. FIG. 6 . Increased sensitivity of a clpB deletion mutant in an SGF. C. jejuni NCTC 11168, ⌬clpB, and the complemented ⌬clpB mutant were grown to exponential phase in biphasic MH cultures and exposed to an SGF containing 10 mM lactic acid at pH 4.0. Samples were withdrawn after 0, 4, 8, 12, and 16 min for viable count determination. Data from a minimum of three independent experiments are shown as the percent survival (with 100% being the viable counts at time zero for each strain) Ϯ standard errors of the means. Shown are NCTC 11168 (f, solid line), the ⌬clpB mutant (E, dashed line), and the complemented ⌬clpB mutant (OE, dotted line).
1592
REID ET AL. APPL. ENVIRON. MICROBIOL.
We further examined the role of heat shock proteins in the acid shock response of C. jejuni by monitoring the survival of hrcA, hspR, and clpB deletion mutants under in vitro acid shock conditions. The increased sensitivity of the clpB mutant to acid killing may reflect a need for the cell to deal with protein aggregates accumulating in the cytoplasm upon its acidification and is consistent with the increased sensitivity of a Brucella suis clpB mutant to organic acid stress (pH 4) (38) . The significance of the increased sensitivity of the hrcA and hspR deletion strains is less clear. Deletion of hspR in C. jejuni leads to increased levels of chaperones (3), which might be expected to improve acid resistance. The observed increase in acid sensitivity therefore may reflect roles for these proteins beyond the heat shock response and is consistent with the finding that an hspR deletion mutant in C. jejuni is more sensitive to growth at high temperatures (3). Consistent with a role for ClpB in acid shock tolerance, a clpB deletion mutant displayed impaired survival in an SGF containing 10 mM lactic acid.
Contrary to our findings for C. jejuni, the exposure of H. pylori to acid shock at pH 5 led to the up-regulation of dnaJ and the down-regulation of groEL, dnaK, and grpE (74) . Downregulation of clpB, dnaK, dnaJ, grpE, groES, and groEL also was apparent when S. oneidensis was exposed to acid shock at pH 4 (66) . However, in S. aureus, clpB is highly up-regulated upon exposure to acid shock (21) . In E. coli, the periplasmic chaperones hdeA and hdeB are up-regulated and activated specifically in response to acid stress (47, 51, 54, 59, 71, 102) , suggesting a need for enhanced chaperone activity in the face of acid stress. While generalizations about the role of heat shock genes in bacterial acid stress responses cannot be made, it is clear that heat shock genes are up-regulated in C. jejuni in response to acid shock and that the activity of at least some of these components enhances resistance to this stress.
Acid shock also led to the up-regulation of the peroxide stress regulator gene (perR), the product of which plays an important role in the defense against oxidative stress in B. subtilis (25) , S. aureus (55) , and C. jejuni (103) . Under acidic conditions, more iron is present in a soluble (ferrous) form, which may increase oxidative stress via the generation of reactive oxygen species by the Fenton reaction (85) . PerR is a homologue of Fur, a transcriptional regulator important for resistance to acid stress in S. enterica serovar Typhimurium and H. pylori (9, 11, 12, 16, 45, 50) . Fur plays a major role in iron acquisition, repressing iron uptake genes under iron-replete conditions. Fur also regulates genes involved in the oxidative stress response (katA and ahpC). This overlap between the Fur and PerR regulons has been noted for C. jejuni (103, 105) . Our data raise the possibility that PerR is involved in the acid shock response in C. jejuni. Consistent with this, in vivo acid shock led to the up-regulation of katA (catalase) and cft (ferritin), the products of which are involved in protection from iron-induced oxidative stress, while in vitro acid shock led to the up-regulation of katA, cft, and additional oxidative stress defense genes (ahpC, tpx, and Cj1064). Our data are consistent with the up-regulation of cytochrome C551 peroxidase and catalase genes in H. pylori (108) and the up-regulation of katA, ahpC, and trxB in S. aureus (21) in response to acid shock.
In addition to the above-described overlaps with heat shock and oxidative stress responses, our data also suggest a link between acid and nitrosative stress regulons. The Cj0465c gene, encoding a truncated hemoglobin, was up-regulated in response to acid shock (in vitro and in vivo), while Cj1586, which encodes a single-domain hemoglobin, was up-regulated upon exposure to in vitro acid shock only. Cj0465c is involved in moderating O 2 flux within C. jejuni cells (106) , while Cj1586 is directly involved in the detoxification of nitric acid and related compounds (40) . Both genes are members of the NssR regulon (39) , which responds to nitrosative stress.
The up-regulation of ppk, a polyphosphate kinase gene, also was observed in response to acid shock. Polyphosphate can act as an energy storage molecule and can chelate cations such as Mg 2ϩ and Fe 3ϩ , and polyphosphate accumulation may serve as a signal for changing environmental and/or growth conditions. Polyphosphate accumulation has been noted under conditions of osmotic shock and nutritional stress (nitrogen, amino acid, or phosphate limitation) (6, 61, 84) . The mutation of ppk in bacterial pathogens leads to defects in general and stringent stress responses, biofilm formation, quorum sensing, and motility (reviewed in reference 24). H. pylori ppk mutants show impaired mouse colonization (7, 95) , suggesting that Ppk function is important in vivo. Perhaps most relevant is the observed increase in phosphate uptake and polyphosphate accumulation when Burkholderia cepacia is grown at an acidic pH (76) . Polyphosphate accumulation therefore may play a role in the acid stress response. Consistent with this, H. pylori gppA was up-regulated in response to acid shock (74, 108) . GppA converts pppGpp into ppGpp, which alters gene expression as part of the stringent response.
The role of cell surface components in the acid shock response. Components at the bacterial cell surface might be expected to play a protective role under many different stress conditions. Upon exposure to in vitro acid shock, H. pylori down-regulated 12 putative outer membrane proteins (OMPs), which likely resulted in a change in the permeability and antigenicity of the outer membrane (74) . In Vibrio cholerae, the OmpT porin is repressed by acid, and the OmpU porin is required for acid resistance (73) . From the data obtained in our experiments, it does not appear that C. jejuni drastically remodels its OMP composition in response to acid shock. However, we cannot discount a role for one or more OMPs in the acid shock response of this bacterium.
Acid shock led to the differential expression of some lipooligosaccharide (LOS) biosynthesis genes in C. jejuni. The gene encoding HldD (waaD), which is required for the synthesis of the heptose residue added to 3-deoxy-D-manno-octulosonic acid (Kdo)-lipid A by WaaC, was up-regulated in the gastric environment. However, the kdtA gene, which is required to transfer the Kdo residue onto lipid A, was down-regulated under both acid shock conditions, as it was in H. pylori (108) . The gene required for LOS sialic acid biosynthesis (neuB1) was up-regulated in vitro, while a lipid A biosynthesis gene (lpxB), a glucosyltransferase gene (waaV), and a gene encoding a hypothetical protein of the LOS locus (Cj1144c) were downregulated in vivo. Given these data, it is impossible to determine what role, if any, LOS plays in the resistance of C. jejuni to acid shock.
The link between flagella and the bacterial acid stress response remains unclear. Gene expression studies of H. pylori under conditions of acid shock reveal three conflicting scenarios. In one, a single flagellar gene (fliS) was down-regulated in VOL. 74, 2008 ACID SHOCK RESPONSE OF C. JEJUNI 1593 response to acid shock, and none were up-regulated (2). In another, some flagellar genes (flaABG, flgBH, and fliDE) were up-regulated, while others (fliFS, flaA1, and flhF) were downregulated (108) . In the last, 54 -dependent flagellar genes (flaB and flgBCEK) were up-regulated, as was the anti-28 factor (flgM), which would block the expression of 28 -dependent genes (such as flaA) (74) . These last data were supported by an observed increase in the number of motile cells and in their speed (74) . A number of motility and chemotaxis genes also were up-regulated in H. pylori 10 days after the colonization of gerbil stomachs (91) , further highlighting the importance of motility for H. pylori stomach colonization. Our data fail to provide a definitive answer regarding the role of flagella, if any, in the acid shock response of C. jejuni. The regulation of flagellar gene expression does occur in this bacterium in response to acid shock. The flagellin genes (flaAB) and the fliD gene (hook-associated protein) were up-regulated in the pig gastric environment, while flhB (biosynthetic protein) and flgG (basal body rod protein) expression was down-regulated. In vitro acid shock led to the transient up-regulation of flgD (putative hook assembly protein), flgE (hook protein), flgI (Pring protein), and fliD and the transient down-regulation of fliR (biosynthesis protein), fliK (Cj0041; hook length control protein), and flgJ (Cj1463; hypothetical protein). Exposure to in vitro acid shock also led to the up-regulation of five genes involved in flagellar glycosylation (Cj1334, pseA [Cj1316c], Cj1321, Cj1325, and neuA2). It is possible that the up-regulation of flagellar genes is a general response to inhospitable environments, as suggested by Liu and coworkers (68) . It also is possible that a drop in pH signals entry into a host environment, causing C. jejuni to express a more suitable gene complement. This may include increased levels of flagellar genes, as motility is thought to be required for rapid passage through the stomach and/or for localization to the protective mucus layer.
The expression of the methyl-accepting chemotaxis proteintype signal transduction protein, Cj0448c, was dramatically influenced by acid shock in C. jejuni. Both Cj0448c and Cj0449c, which appear to be in an operonic structure in NCTC 11168, were highly up-regulated under in vivo and in vitro acid shock conditions. Cj0448c is an atypical chemotaxis signal transduction protein, as it lacks a periplasmic sensing domain, transmembrane domains, and possible methylation sites (reviewed in reference 64). It is possible that Cj0448c senses a cytoplasmic signal in C. jejuni, which may be the acidification of the cytoplasm or a consequence of this acidification. Cj0448c also was up-regulated in the chick cecum (110) , which raises the possibility that this protein is important for survival and/or growth in the host environment. The expression levels of other chemotaxis signal transduction genes also were affected by acid shock. The Cj0144 gene was up-regulated in vivo only, suggesting that it may sense and respond to signals within the host environment, while Cj0262c and cetAB (Cj1190c/Cj1189c) were down-regulated in vitro.
A number of bacteria modify inner membrane phospholipids in response to acid stress. The product of the cfa gene introduces cyclopropane groups on unsaturated fatty acyl chains (reviewed in reference 34). The effect of this modification on membrane properties is not well characterized, but increases in cyclopropane-containing phospholipids and cfa expression have been documented in bacteria exposed to stressful conditions such as acid shock (23, 26, 42) , and cfa mutants display increased sensitivity to acid stress (30, 60) . The cfa gene was up-regulated more than threefold after only 4 min of exposure to acid shock in vitro, with expression increasing to ϳ5-fold after 20 min. Thus, it is likely that the product of the cfa gene is important for resistance to acid shock in C. jejuni, as it is in H. pylori, E. coli, and other bacteria. It is not clear why cfa expression is unchanged in the piglet stomach, but this may reflect the influence of additional factors in the more complex in vivo environment.
Acid shock alters the expression of genes involved in metabolism and energy generation. A number of genes encoding proteins involved in energy generation were differentially expressed in response to acid shock. Acid shock induced the expression of genes encoding products that are involved in TMAO/DMSO respiration (Cj0264c and Cj0265c); a C 4 -dicarboxylate antiporter (dcuB), which is involved in fumarate respiration; and two putative oxidoreductase subunits (Cj0414c and Cj0415c) of unknown function. Cj0414 and Cj0415 share homology with gluconate dehydrogenase enzymes, but it is not clear how this activity would contribute to C. jejuni's acid shock response.
The aconitase gene acnB was highly up-regulated in response to acid shock. This could serve to increase acid consumption by the TCA cycle, or this may reflect a posttranscriptional regulatory role for AcnB. In E. coli and Bacillus, aconitases can act as iron and oxidative stress-responsive regulators, binding mRNA and altering transcript stability (1, 13, 52, 96, 98) . In S. enterica serovar Typhimurium, AcnB prevents the expression of the FtsH protease by binding its mRNA, and thus it indirectly increases flagellin expression (97) . Such a regulatory role for AcnB has not been shown to date for Campylobacter, but it certainly merits further study.
In response to in vitro acid shock, C. jejuni up-regulated the expression of hydrogenase (hydABCD and hydA2) and hydrogenase assembly (hypBC) genes. In H. pylori, hydrogenase assembly genes (hypEC) were up-regulated in response to acid shock (108), while hydrogenase genes were up-regulated in response to growth at low pH (4) . Similarly, both hydrogenase and hydrogenase assembly genes were up-regulated in E. coli grown under anaerobic and acidic conditions (51) . Finally, an E. coli strain deficient in hydrogenase activity (hypF mutant) showed impaired acid resistance (51) . The authors suggested that hydrogenase expression may be important at low pH due to the ability of hydrogenases to extrude H ϩ from the cytoplasm.
Proton extrusion as a means to combat and/or prevent cytoplasm acidification. An expected response to a sudden decrease in environment pH might include the induction of genes encoding products that consume or extrude protons. Thus, it may be expected that components of the ATP synthase are up-regulated, as this pump can extrude H ϩ from the cell at the expense of ATP. However, this response was not detected in C. jejuni, as these genes either were unaffected or were downregulated (atpB in vitro, atpCDG in vivo) in response to acid shock. Down-regulation of ATPase subunit genes also was seen when H. pylori (108) and S. aureus (21) were subjected to in vitro acid shock and when H. pylori was grown in an acidic medium (27) . In E. coli, an increase in growth medium pH led to the up-regulation of ATP synthase, presumably to increase H ϩ import and prevent the alkalinization of the cytoplasm (71) . These findings are in agreement with the observed downregulation of some of these components under acidic conditions in our studies.
The gene encoding a C 4 -dicarboxylate transporter (dcuB) was highly up-regulated under both acid shock conditions. In contrast, dcuA up-regulation was detected only in the pig stomach. Dicarboxylate carriers such as DcuA, DcuB, and DcuC are capable of the import, efflux, and exchange of C 4 -dicarboxylates such as succinate and fumarate (41, 113) . The uptake and efflux reactions catalyzed by these transporters are electrogenic, resulting in the symport of succinate or fumarate and H ϩ (reviewed in reference 57). It is tempting to speculate that increased DcuA and/or DcuB expression helps C. jejuni resist cytoplasm acidification via the extrusion of protons in a symport reaction with a C 4 -dicarboxylate.
Survival in the host stomach: beyond acid stress. Genes showing opposite expression patterns under in vivo and in vitro acid shock conditions can begin to reveal unique conditions encountered by the bacterium in the host environment, such as nutrient availability and exposure to additional stresses. In fact, Listeria monocytogenes is more sensitive to ex vivo porcine gastric fluid than to SGF at the same pH (33) , suggesting that inorganic acid is not the only stress encountered in the stomach. In addition, S. enterica serovar Typhimurium mutants that were unable to survive exposure to an ex vivo swine gastric environment were not necessarily more sensitive to inorganic acid shock (12) . The authors determined that the high levels of organic acids (up to 126 mM lactic acid) in the swine stomach contents were a major contributing factor to S. enterica killing.
In the pig stomach, genes required for the use of nitrite as a terminal electron acceptor (Cj1357c and Cj1358c) were highly up-regulated. In the mouth, oral bacteria reduce salivary nitrate to nitrite, which is converted into nitric oxide by the acidity of the stomach (72) . The reduction of nitrite may provide a way for C. jejuni to combat this source of nitrogen stress.
The gene encoding the smaller Omp50 porin (Cj1170c) also was up-regulated exclusively in the pig stomach. pH regulation of porin expression has been reported previously, as the larger porin (MOMP) in C. jejuni is up-regulated under alkaline conditions (35) . However, given that Cj1170c expression was down-regulated under conditions of in vitro acid shock, it is likely that Omp50 expression is modulated in response to the host environment rather than acid shock per se. In fact, the MOMP is an important antigen in C. jejuni (29, 69, 109) , and increasing the ratio of Omp50:MOMP on the cell surface may be a means of evading the host immune response. Cj1170c expression was down-regulated in the chick cecum (110) and up-regulated in the rabbit ileal loop (94) , supporting the idea that the expression of this OMP is tightly regulated in the host environment.
The genes encoding succinate dehydrogenase subunits (sdhAB) also were up-regulated in the pig stomach and downregulated under in vitro acid shock conditions. In contrast, subunits of the NADH dehydrogenase (nuoMN) and formate dehydrogenase (fdhBCD) complexes were down-regulated only upon exposure to the gastric environment. Overall, it appears that in the pig stomach, electrons are fed into the electron transport chain primarily via the succinate dehydrogenase complex, while the NADH and formate dehydrogenase complexes are less important.
A number of genes were down-regulated in vivo and upregulated in vitro. These gene products may not be needed for survival in the pig stomach, or their expression may need to be turned down in this environment. Possible differences in nutrient availability are illustrated by the opposite in vivo and in vitro expression patterns of a number of transporters (putative citrate transporter [Cj0203], putative iron transporter [p19], putative Na ϩ :dicarboxylate family symporter [Cj0025c], and putative export proteins belonging to the major facilitator superfamily [Cj1687 and Cj1040c]).
Finally, cell surface polysaccharides (such as capsular polysaccharides [CPS] and exopolysaccharides) are known to provide protection against acid, heat, and desiccation as well as to confer resistance to the host immune response. The expression of genes involved in C. jejuni CPS assembly was not affected by exposure to acid shock. However, a number of CPS genes were down-regulated in the pig stomach (Cj1413c, Cj1423c, Cj1425c-27c, Cj1429c, Cj1436c-37c, Cj1440c, Cj1442c, kpsM, and kfiD), suggesting that C. jejuni needs to modulate the amount of CPS produced in the host, perhaps to expose adhesins or other factors required for colonization.
From this study, it is clear that the acid shock response of C. jejuni involves the down-regulation of genes involved in protein synthesis and the up-regulation of genes typically associated with numerous stress responses, such as the heat shock response, the stringent response, and the nitrosative and oxidative stress responses. Phospholipid modification and hydrogenase activity also may be important for acid resistance in vitro. Our data also have identified transcriptional responses specific to the pig stomach environment, which suggest that C. jejuni modulates the expression of surface components, metabolic enzymes, and transporters upon entry into a host.
